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. Bxperiments vere started in 1941 by Docent A. M. lazarev at the Leningrad
i ' Polytechnical Institute but ware not campleted due to the war, and his sub-
paquent death. In 1947, Clark (see Electricity, No 10, 1947, p 77 of the Tnited
States published en article demcriding s oexperiments, He stated that the
loss angle In impregnated papsr incresses sharply at firast, as the conductivity
of the impregnating substance incteases; 1.e., when 1ts apecific resistance is
lowered, and it attains its maximm vhen the specific r sistance reaches 10° olm/
om, and then falls. When the mpecific reeistance is 10° olm/cm, 1.s., sharp de-
orease in comperison with the specific resistance of ordinary dieleotrics, the
- lose angle passes through its minlmm, aftér which it riees again with increasing
* conduotivity of the impregnating substance. Depending on the type of semi-
conducting liguid and the type of paper, the minimm value for the power factor
of the paper vhich 1s impregnated with this liquid is approximately 3 to 6 per-
cent. This makes it ;noapible to utilize such & dielectric in low-voltage
condensers (110-220v)at standard frequencies.
The specific volume of condensers impregnated with gemiliquid impregnators
ia about cne third that of paper-oil condensers for similar voltages.
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" The complex mature of the . relationship cos ¢k (‘p ) whish was obtalned:

by Clark shows up individual anomslisa (according to Clark) in the behavior
of cellulose insulation that ia tuprepneted with remlconducting 1iquid. Clark
mekes no attempt to investigate the physical aspects of “he phenamenon which T B
could explain the cheracter of the relationship cbiained and the presence of* Sl o !
meximm end minimm values in the experimental curves for cos ¢ .

In addition, il can be stated thet the particular nature of the coe ¢
=2 (3) relationship, which chavacterizes the ossurrence of meximum and ninimm
velues of gos @ when the value of specific resistance € 18 decreased from
1012 40 10° cm/em, ie completely regular and does not in any way reveal un-

¥novn enomelies 1in the performence of impregnated paper. T *

In examining the relationshlp between the dielsctric constant of im- ‘ R

e pregnated paper and the dlolectric conmtant of the impregnating substance, we . SO

were able to determine that paper condensers impregoated by liguids can be com- :

pered to & system conaisting of two condensers counected in series: Cpm is the . B e

theoretical capecltance based on polarization of the impregreting substance, : st

and Cx 1s the theoretical cepaciiance based on the polarizetlon of the celluloss i

{sse Electricity, No 1, 1945), With impregnetion by a eeniconduc ting eubstance,

{t ie neceesary to include in thie circuit an effective reslstance R parsllel

to the capacitance Cp {(Figurs 1). This resistance represents the conductivity

of the semiconducting substance. The conductivity of the cellulose can be

disregarded in the first approximation.

- The following expressions are obtained fram the symbolic method of the
© circuit in Figure 1:
4

~3

Z, = L =
K I+R"M16M1 J wCK

_ K - 1+ R2w*Cu (Ck+Cpr g
14 Ri® Cu* “w Cy (1+R*co*Cpy™) * wCg

The tangwnmt of the lose angie for this equivalent circult will equal:

C o RCk

tan 3 =c¢ur o .
Y [ +R%co*Cp (Cx +Cp) (1)

A The suove expreseion (1) shows that tan S, reduces to 0 for ReOorR goo.
This provze that for certain conditions of the specific resistance of the
gubstancc, the angle of the impregnated paper must paes through some maximum
value. .[n tho case of Figwe 1, the overall losses approach zero for large
values of specific resistance ¢ due to the fact that they are very amall in
condenver Cp &nd are negliglble in condenser Cy. For emall values of specific
resistance P , condenser Cpy with the large losses ls ghort-circuited, leaving
only condenser Ck vhich has no losses; 1.0., the over-all losses of the system

agaln approach zero.

/] Iot ue apsume that the dlelect 1c ccnatants c¢f the celluloss and of the
impregnating sustance are & ctly equal, € ks EM = 7; the thicknese of the
paper 1s & = 10 microne s 107° om (eimilar to velues used by Clark in his ex-
periments); and the ratio of the volume of the impregneting substance to the
volums of the paper is a = 0.35 (peper .f normal density).
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v The Following formulae are cotained wher making calculatlons for one : 3‘_" ‘ -l
; sq/cm of paper surface: o . , ‘
c Ex ‘ i ' ik y!.
_ e . L= g, Y R4 2, -
KT Grlieayd e 7611077 Ffen

Co=LM_ 0= 177107 Ffen?;
R=pad=3.5"/0-9p,

vhere @ i@ the specific resis‘ance of the gemiconducting substance in olm/em.

If we igsert numerical valucs in formule (1) the following expression ig o
obtained "

ron S 10557079
a7 3T /A5 E2 s07Rip2

(1)

Results of the celculations from formule (1) are shown graphically in
Figure 2 by curve A, ’

The groph &iffors from the experimentel data not only in that 1t has no

minimm but also in that the maximm corresponds to @ == 1010 om/om and not

to p == 109 olm om, Moreover, the absolute value of the lose angle at the

maximm 1s very low in cumparison with experimenial data (tan 3 w 0.635 which

corresponde to the value cod ¢« = 0,537, while Clark obtained cos ¢ « 0.870).

This difference can be expleined by the fact that the circult in Figure 1 does )
not represent exactly the true nature of the phenamerion.

In the circuit the cellulose g represenied in the form of a compact
layer which separates the impregneting substance from one of the feces. Actually,
however, the condensor paper contalns cpen pares of minute cruss oections; '
their presence 1s established by the fact that air can pase through the paper.
During the impregnation process, the impregnating substance £ills these pores,
but this factor can be ignorod when computing the dielectric constant of the im-
tregnated peper becauss of the fact that the volume of impregnating mass in these
‘pores 1s very minute and has no noticeable effect on the over-all polarizaticn
of the system under study. But it musi be kept in mind that 1f the paper is
Impregnated with a liguid which has a relativeir lov gpecific resistance, the
realgtance of the pores filled with the impregnating substance may be sufficiently
emall to cause a notlceable change in the over-dll losa angle, notwithstanding the
aall cross section of these pares. I% ls therefore neceasary to use & circuit
which is more complicated than that represented in Figwre 1. In Figure 3 the
capacitance Ckx is shunted through several resis tances » R. The value of y must
be several times greater than ome, due to the fact t the resigtance of the
substance in the pores 1s greatly increased because of their small cross section:

pdx
Yo Sk = lza
du & Sk’
1
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vhere Sy 1s the sum total of the crogs secticms of the open pores per 8q CR . ‘L
of paper. S *

o

The following formule is obtained for Figure 3:

Z,=Z,+ 2~ R R Ca pR-jp* R**Cy
: I+ R2w2Cp? . |+9tR*e0*Cu™

o RU+y+p R* (€ + 7 C*)] w2 R Cpg +n* Cx [+ Rz Con (Cie+ Cand 1}
(/'f'}'\)V‘wa‘CML)(/-Fy"Rza)zCK") (I1+ R2*w* 6/41) (/"'ULRICUQ'CKL)

The tangent of the loss angle in t,};&a equivalent scheme will be equal to

J+“7+V,)szl(CMa+yCK1)
‘“R{CM**}ICK[/+R‘LwlCM(CM"‘C/¢)]] (2)

tan b, =
=

An enslyeis of formule (2) shove that when R = O, the value of Bn 3
dces not becams zero but becomes infinite; l.e., the logs angle increases
when there 1s & sharp decrease im the value of specific realstance ¢ .
This ®act agrees with experimental data.

. The following expression is obtained if ve insert known values in formula
(2), omitting ihe torms lmown to be peglligible:

R

farS [yl 10727 *p™
an i=>7’-P(/.055'10—10‘*'5'/7'/0—'”?1) (2')

] The coefficient y , which 1is used in expreselon (2'), is not known but

e ve may assign certain veluss to it, 1.e., to select cerialn amall values Sk

for the cross-section of the pores in the paper, and drav a set ¢f curves for

tan $5; = T (@) corresponding to various values of » and gelect that

perticular curve which b2at agress vith the experimental data. Two such curves,

B and C, are shcwg in Figure 2, Curve B which is cbtained for » = 4,000

{Sy = 4.65 - 1077 8q om per sq om of paper) represents the minlmm loss angle,

vhich equals the lowes® limit cbtained by Cierk in his experiments (co8 @ &= 0.03).

Revertheless, in this gase the minfmum ig cbtalned vwhen the specific resistance
p nas & value of 108 olm/om 4nstead of 10T olm/cm. Curve C 1s obtained when I
y =@ 18,600 (S = 1,10-* 8q cm per sg m of paper.) .

This curve shows that by increasing b we may displace the minimm to-
ward the lesser values for specific resletance ¢ , but in this case the
lose angle has u veslue lover than that obtaired in experiments, when 1t passes
through 1ts minimm, The right sides of curves Band C coincide wilth curve
A; therefore, passing over to the circuit in Figuro 3 did not give us an
approximetion o the experimental data in the pert near the absolute value of
the maximm loss angle and for values of @ neer the obsorved maximm. In
addition, the use of this circuit permite us to wncover the rule controlling
the appearance of the minimum In the curve deacribing the relationship: tan 3¢ s
- { p), although on the basis of camputations, the point of the minimum will
cerrespond to & higher value of specific resistance © in comperison with
experimental date, To cbtain calculated values which are almost equal to
experimental values in ihis particular experiment, as algo in ceveral others,
1L cai bs assumcd thet Clark uti 11zed in his moasurements a atrip of thin gsuze,
in order to eliminato the posalbility of short circuits of the electrodes due -
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% the paper's condustlng actlon -~ which sould easlly occur in experiments

B using one layer of paper- Althosgk, refexring to the graph of cos @ . ‘
| ~P{p }, Clark cives no indtcetion thet ne mals usc of a layzr of ged 1t |
To Ampliod that to conluct D Lty L otmenta nalng a0 ainglé layer of [hy k
Te preg o- o0 o ause 1ny s on the top sueface of the paper greatly ;
JTavreanss the thishiess of the lap.r of inprogoaiog substance., Thia mwkes 1t "
necesgary o introdus gerize of nsw constanta for the formula vased on Figure
3. :
I7 we Were lo ssgums thal Lhe thickiess of the ganze layer is 100 microns,
then we derive the following exprasalsns: :
e -, a - A
CyT 598107 Flem™ Cr=0 96107 FJeu™,
R=1.03510""0 and ,]263-/0”1—'-— . X , PR

Substituting these new values In farmuls {2) we obicin the following

expreaslons

I+ g+ 07-10718n2p@ ™

tan o = B
E 92 (313107 F+2.0] 10"270 %)

(2")

Resulls obtalned by calcuiations with formuia (") vere satlsfactcry and

Jead one to dbelieve that the gupposition that a guuze layer was ueed ig correct.
Flgure 2 ghows the curvee obtained by celculating with formula (2"2 for two
values of » . Curve D wus obtalned for 7» . 100 (S = 5.3! ¢« 10-7 8q cm per
eq on of paper) while for curve E, » = 500 {5k = l.Qg * 10™" aq cm per sq cm).
The right sldes of both curves coincide and give a maxlaum for the loss angle
very close to experimenial values both in absoiute value and in its relative
location. The minimum logs angle also agrees falirly closely with experimental
N date, although the absolute value of the loss angls, an 1t passes tbrough a

minimm, 1s somewhat higher than experimental values. The calculated curve

D (Figure 2), calculated for values of cos ¢ , uvolacides with the ex-

perimental curve obtained by Clark., This 1s shown in Figure 4.

The coincidence of the wxperimental and calculated data is sufficlently
close to permlit the conclueion that the chardctertistlcs of the experimenial
curve for cos P = £ (@) are completely reguier and can be predicted by
snalyzing a relatively simple equivalent circuit,

From the above-mentioned equivalent zircult 1t is possible to explain a
geries of experimental facte olgervod by Clark, but rot explained by him in
any of his articles. Fnr example, 1%t was observed that an increass in density
and a decrease in the air pene'rability of the paper results in a lowered
minlmm v lue for the loss angle. In effect, & decrease in the paper's alr
penetrability is ovidunce of the fect that the number and cross section of the
pores hag decreeged, l.e., a lcwer value for Sy. Under these conditions the
coefficlent » Increases, but thls In turn -:auses a displacement of the curve

- of tan §5 = (@ ), vwhich assures a decrease 1n the value of tan &, wvhen it
is at Its mininm (see curves D and E as well as B and C in Figure 2).
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) Experimenta snowed that attempis to lower the anecific reslstance of the
\, o semlconduc ting 1iquids by adding water ov alcohel ware unsuccessful, since
' for a value of specific reslstance of 10~ ohn/sm the expestsd minlmun for

the lose angle was not obsarved. Quite to the contrary, a sharp increase in e

the logs apgle occurs. It is well imown thal water, abscrbed by the paper, in- i, 1

creases the conductivity without forming uniform veins of water parforating the

DEpET o

In the subject case, ‘the tmpreoved conductivity is attributed to the fact
that the walle of the pores lmmediately absorb the water, 1.e., ths cellulose
itself, but the water does not completely £ill the pores in the case where the o
paper 1s not di-ectly immersed in the water,  For that reason the water retained i e
by the semiconducting 1iquld 1s selectively sbsorbed by the cellulose with a R S
resulting decrease !n the reslstance of 7 R In the circult shown in Flgure
3, Thia ie due %o 4n incresse in conductivity of the compact layer of cellulose, . p
ag well as In conductivity of the impregnating substance in the porea. These . "
facts tond to disturd the rules obtained for ths verlation of tar 3y - f L
( p ), as was observed experimentally. Alcohol, because of the presemnce of the
hydroxyl groups, acts similarly to water.

Experimentis showed that the minimum loss asgle, with the same value for
the specific resietance of the semiconducting substance, depends on its chemicel
camposition, in sysfems Dot containing water cr a'cohol, and can fluctuate withla
the mits cog @ 9,03 to 0,10, Thiis 1o oxplained by the fact that the
povetrability of paper varles for different types of liquids, i.e.; Sy and7
may vary according to the type of liquid.

As mentionad above, papor condensers inpregnated with semlconducting
1iquid may have valuable industrial applications, particularly as small-
Cimension low-voltage condensers for fndustrlal frequencles. At higher
volteges these condensers sre unable to perform for long periods of time
atuce the increased loss angle leads to a prohibltive over hea ting of the unit.
Under conditions of interrupted operation, for examnie, Yor starting single-
phase motors, the operating Toltage can be raiszed as high as 400 to 500.

These condensers are nov sultable for DC circults because of low Insulation

resigtance.

Despite the fact that the field of application for immregnated paper
condensers is very limited, their manvfactuwre on an industrial scale ls of
technical interest since it would eventually rcsult in smaller dimensioned
paper condensers and heace lead to a dzcreape in the consumption of paper

and foil in the production of peper condensers.

[ Appended figures follow 7
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Figws 1. #quivalent Clrcuit Which Doss not Take
Into Accoun: Presence of Cpen Pores in Paper
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Svecific Resistance ¢ of Impregnating Substance
Figure 2. Curves Obtained by Calculating Relation-

ship Between Logs Angle of Impregnated Fapsr and
Specific Rosistance of Impregnating Substance

loss angle of impregnated paper
<

One sheet of paper of 1C-micron thicknesas
ourve A=y = 0; curve B-s| » 4,000; curve C-n = 18,600

Sheet of paper and layer of gauze of 10Q.-micron
thickness: curve D-v ; 100; curve E-:= 500
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Flgure 3., Eguivalent Circuit, Whioch Tskes Into
Account Pressnce of Open Pores in Papor
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Specific Resistance p of Impregnating Substance

Figure 4, Comparison of Experimental apd Calculated
Curves Skowirg Relatlonship Between cos @ of
impregnated Pabsr and Specific Resisiance of
Impregnating Substance

Sy §IEE§Q§

Power Factor of the
Impregnated Paper

(1) Experimental curve: (2) calculated surve
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